Revealing the hidden niche of cryptic bumblebees in Great Britain:Implications for conservation by Scriven, Jessica J et al.
1	  
	  
Revealing the hidden niches of cryptic bumblebees in Great Britain: implications for 1	  
conservation 2	  
 3	  
Jessica J Scrivena*, Lucy C Woodalla1, Matthew C Tinsleya, Mairi Knightb, Paul H Williamsc , James 4	  
C Caroland, Mark J F Browne, and Dave Goulsona2, 5	  
 6	  
aBiological and Environmental Sciences, School of Natural Sciences, University of Stirling, Stirling, 7	  
FK9 4LA, Scotland 8	  
matthew.tinsley@stir.ac.uk 9	  
 10	  
1 Natural History Museum, Cromwell Road, London, SW7 5BD 11	  
L.Woodall@nhm.ac.uk 12	  
 13	  
bSchool of Biological Sciences, Plymouth University, Drake Circus, 14	  
Plymouth, Devon, PL4 8AA 15	  
mairi.knight@plymouth.ac.uk 16	  
 17	  
cNatural History Museum, Life Sciences, Cromwell Road, London, SW7 5BD 18	  
paw@nhm.ac.uk 19	  
 20	  
d	  Department of Biology, National University of Ireland Maynooth, Maynooth, Co Kildare, Ireland 21	  
james.carolan@nuim.ie 22	  
 23	  
eSchool of Biological Sciences, Royal Holloway University of London, Egham Hill, Egham, Surrey, 24	  
TW20 0EX 25	  
Mark.Brown@rhul.ac.uk 26	  
 27	  
2School of Life Sciences, University of Sussex, Falmer, Brighton, BN1 9QG 28	  
D.Goulson@sussex.ac.uk  29	  
 30	  
* Author for correspondence: Jessica Scriven 31	  
aBiological and Environmental Sciences, School of Natural Sciences, University of Stirling, Stirling, 32	  
FK9 4LA, Scotland. 33	  
Jjs2@stir.ac.uk 34	  
Tel : +44 (0)1786 467831 35	  
 36	  
 37	  
 38	  
 39	  
 40	  
 41	  
 42	  
 43	  
 44	  
 45	  
 46	  
 47	  
 48	  
 49	  
 50	  
 51	  
 52	  
 53	  
 54	  
 55	  
2	  
	  
 56	  
Abstract 57	  
Bumblebees are ecologically and economically important, and some species have suffered dramatic 58	  
population declines. The absence of morphological diagnostic characters for the identification of some 59	  
species creates difficulties for basic ecological studies, and for conservation management. The 60	  
widespread and commercially exploited bumblebee subgenus Bombus sensu stricto contains a cryptic 61	  
species complex, known as the lucorum complex, which in Europe comprises B. lucorum, B. 62	  
cryptarum and B. magnus. Little is known about these species and much of what has been reported is 63	  
likely to have suffered from incorrect identification. Although the lucorum complex as a whole is 64	  
common in Great Britain, we aimed to determine whether the populations of the individual species are 65	  
vulnerable and require conservation action. Using genetic methods to distinguish them, we 66	  
determined the geographic distribution and abundance of the lucorum complex species in Great 67	  
Britain, and assessed the extent of niche differentiation between these species. We detected major 68	  
differences in the geographic range, forage use and sensitivity to summer temperatures of the three 69	  
species. Bombus lucorum was found to have the broadest distribution and diet, being present 70	  
throughout mainland Great Britain, whereas B. cryptarum and B. magnus were absent from large 71	  
areas of central and southern England.  Bombus cryptarum and B. magnus were more likely to be 72	  
found at sites with lower summer temperatures. Bombus magnus, the least abundant species, was 73	  
found to exhibit an unusually tight biotope association with heathland habitat. This has conservation 74	  
implications  for B. magnus given the current threats to this habitat type.  75	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 111	  
Introduction 112	  
Bumblebees (Bombus: Hymenoptera, Apidae) are ecologically and economically important as 113	  
pollinators (Goulson 2010; Velthuis & van Doorn 2006). Some species have recently suffered severe 114	  
declines and range contractions across much of Western Europe and North America (Cameron et al. 115	  
2011; Fitzpatrick et al. 2007; Goulson et al. 2008a, Goulson 2010; Williams 1982; Williams & 116	  
Osborne 2009). In the UK, seven out of the 27 species are listed as priority species in the UK post-117	  
2010 Biodiversity Framework (previously Biodiversity Action Plan), a higher proportion than known 118	  
for any other invertebrate group (Goulson 2010). Bombus species are also notorious for possessing 119	  
convergent colour patterns and displaying high intraspecific variation, resulting in cryptic species 120	  
(Williams 2007). The inability to correctly identify such species creates difficulties for basic 121	  
ecological and population genetic studies as well as for their conservation management.  122	  
Cryptic species can be defined as two or more distinct species that are similar or identical in 123	  
morphology (Williams et al. 2012). Speciation is not always accompanied by morphological change, 124	  
and as a result, the true number of biological species is likely to be greater than the current total of 125	  
nominal species, most of which are delineated on a purely morphological basis (Bickford et al. 2007). 126	  
The development of molecular genetic tools has enabled the detection of numerous cryptic species. 127	  
Large genetic distances within traditionally recognised species, usually in combination with 128	  
morphological, geographical, ecological or behavioural differences, have led to the discovery of 129	  
cryptic species in a diverse range of organisms, from tropical butterflies (Hebert et al. 2004b), to 130	  
arctic flora (Grundt 2006), fish (Feulner et al. 2006; Puckridge 2013) and lemurs (Ravaoarimanana et 131	  
al. 2004) . 132	  
Theories on the ecological specialisation of species can be seriously challenged by the 133	  
existence of cryptic species complexes. Studies of a range of insects have revealed that presumed 134	  
dietary generalists are in fact complexes of dietary specialists (Hebert et al. 2004; Smith et al. 2007). 135	  
The occurrence of cryptic species also has important repercussions for conservation; in an area of 136	  
Southeast Asia with the highest relative rate of deforestation in any tropical region, studies of forest 137	  
dwelling frogs have revealed at least 14 species within two nominal species. These were both thought 138	  
to be geographically widespread, but instead represent multiple species with smaller geographic 139	  
ranges, and therefore greater vulnerability to extinction (Stuart et al. 2006). Such findings illustrate 140	  
the importance of accurate assessments of diversity and distributions to enable appropriate 141	  
management and thereby reduce the risk of extinctions of evolutionary lineages. Cryptic species 142	  
complexes in already endangered nominal species consequently pose more problems for conservation, 143	  
as species that are already considered endangered may consist of multiple species with smaller 144	  
distributions. Such cryptic species will be even rarer than the nominal species and may require 145	  
different conservation strategies (Bickford et al. 2007).   146	  
The subgenus Bombus sensu stricto is a widespread and commercially exploited taxon of 147	  
bumblebee, which contains five species in Europe, B. (Bombus) cryptarum, (Fabricius), B. (B.) 148	  
lucorum (Linnaeus), B. (B.) magnus (Vogt), B. (B.) sporadicus (Nylander), B. (Bombus) terrestris 149	  
(Linnaeus). The taxonomic status of the last two species is widely accepted but B. lucorum, B. 150	  
magnus and B. cryptarum are morphologically indistinguishable in much of their range, triggering 151	  
considerable debate about their status. B. magnus and B. cryptarum have been regarded as subspecies 152	  
of B. lucorum and are often referred to collectively as the ‘lucorum complex’ or simply synonymized 153	  
to B. lucorum (Benton 2006; Edwards & Jenner 2005). Recent studies using CO1 barcode analysis 154	  
show discrete differences between the three species (Carolan et al. 2012; Murray et al. 2008; 155	  
Williams et al. 2012), in accordance with studies of labial gland secretions (Bertsch et al. 2005). 156	  
Diagnostic morphological characters have also been previously reported for queens, but some of these 157	  
have now been demonstrated to overlap considerably, and vary along a continuum, thus making them 158	  
unreliable and leading to a high potential for misidentification (Carolan et al. 2012).  159	  
In Ireland, B. lucorum is classified as of Least Concern according to the IUCN Red List 160	  
criteria. Bombus cryptarum and B. magnus cannot be assigned to a threat category because they are 161	  
currently Data Deficient (Fitzpatrick et al. 2006; Fitzpatrick et al. 2007b). The situation is no clearer 162	  
in Great Britain, where the distribution of the three taxa is only known for the Western Isles of 163	  
Scotland (Waters et al. 2010). The difficulty in identifying these species means that little is known 164	  
about their ecological attributes; much of what can be found in standard texts will actually be 165	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referring to data for multiple species and is therefore of limited value. Consequently, the only reliable 166	  
information we have on the ecology of these three species comes from Murray et al. (2008) and 167	  
Stanley et al. (2013) who used molecular methods to study the lucorum complex in Ireland and 168	  
Waters et al. (2010) who studied them in the Western Isles of Scotland. Niche-partitioning might be 169	  
expected between these species (Goulson et al. 2008b) and indeed some ecological differences have 170	  
been suggested. Specifically, Waters et al. (2010) found that B. magnus appeared to be strongly 171	  
associated with the heathland forage plant Calluna vulgaris. These studies suggest that the three taxa 172	  
are widespread throughout Ireland and the Western Isles of Scotland but have differing patterns of 173	  
geographic distributions. These studies have suggested some differences in the ecology, abundance 174	  
and distribution of the three taxa, which, given the ongoing concerns over bumblebee declines, 175	  
indicates the need for further work to reveal the biology of these species and reassess their 176	  
conservation status.  177	  
The aim of this study was to assess the distribution and abundance of the lucorum complex 178	  
species in Scotland, England and Wales and establish whether the populations of the individual 179	  
species are vulnerable and require conservation action. Genetic methods were used to distinguish the 180	  
three species. We then tested for niche differentiation between them by assessing how climatic factors 181	  
and habitat associations correlate with the distributions of the three species. Further, we assessed 182	  
foraging behaviour and quantified the differences in diet breadth and forage use between the three 183	  
species. In particular, we tested the specific hypothesis that B. magnus is a heathland specialist, using 184	  
a paired sampling strategy where heathland and non-heathland sites were sampled at each location. 185	  
 186	  
 187	  
 188	  
Materials and methods 189	  
 190	  
Sampling 191	  
Queens, workers and males were sampled across Great Britain from June-September during the 192	  
summers of 2010 and 2011. In July 2010, 13 locations were sampled along a North-South line 193	  
through the approximate centre of Scotland and England; during June-August 2011, 14 further 194	  
locations were sampled focussing on the periphery of the UK. The 2011 fieldwork tested the 195	  
hypothesis that B. magnus is a heathland specialist (Murray et al. 2008; Waters et al. 2010) using a 196	  
paired sampling design: 11 of the 14 locations comprised a pair of sites representing heathland and 197	  
non-heathland habitats within 15km of one another. All locations sampled in 2010 consisted of non-198	  
heathland habitat, although some were close to heathland. We aimed to catch at least 100 bees at each 199	  
location, but occasionally this was not possible (mean = 89.4 ± 12.9 SE). For bees caught foraging on 200	  
a flower (as were most), forage plant identity was recorded. Whole bees were stored in absolute 201	  
ethanol. Thorax width of all individuals sampled in 2011 was measured using callipers to examine 202	  
size differences between species. 203	  
 204	  
 205	  
Species identification 206	  
DNA extraction from the samples collected in 2010 was performed using a Chelex® 100 protocol 207	  
(Walsch et al. 1991) and from the 2011 samples using a HotShot protocol (Truett et al. 2000). For 208	  
species identification we followed a PCR-RFLP method based on amplification of the cytochrome 209	  
oxidase I (COI) gene developed by Murray et al. (2008).  The pattern of digested fragments for each 210	  
individual was compared with the characteristic patterns associated with each of the cryptic species 211	  
and B. terrestris (see Fig. 3 in Murray et al. 2008), in order to determine their species identity.  212	  
To confirm RFLP identification; 108 individuals (46 B. terrestris, 55 B. lucorum, 2 B. magnus, 2 213	  
B. cryptarum, 2 B. soroeensis, 1 B. sylvestris), collected from all but one of the 2010 sample sites, 214	  
were amplified using the PCR-RFLP primers.  Resulting PCR amplicons were purified (ExoSAP; 215	  
Werle et al. 1994) and sent for sequencing (DNA Sequencing and Services, Dundee, U.K.).  216	  
Consensus sequences were aligned (Geneious v 6.1.7) then checked against the RFLP banding 217	  
pattern. For those samples that did not exhibit a clear RFLP banding pattern after two amplifications 218	  
(174 of 2 415), we used microsatellite data for species assignment (obtained from a separate study 219	  
comparing population structure of the three species, Scriven et al. in prep.). In brief, individuals were 220	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genotyped at 13 microsatellite loci (Tables S 1 & 2). Structure v 2.3.4 (Pritchard et al. 2000) was used 221	  
to cluster the samples according to species. The USEPOPINFO model was applied to define “learning 222	  
samples” that are pre-defined as coming from particular clusters (the known species from RFLP 223	  
analysis) to assist ancestry estimation for the remaining individuals of unknown origin. The 224	  
Admixture and Independent Allele Frequency models were also used and the software was run with 225	  
four clusters (K, for the three lucorum complex species and B. terrestris using 50 000 burn-in periods 226	  
followed by 100 000 MCMC repetitions).  227	  
 228	  
 229	  
Analyses  230	  
Differences in habitat use and forage use between the three bumblebee species were examined using 231	  
χ2 tests of association on data pooled across all sites in contingency tables. For habitat use, data from 232	  
all castes were included; for forage use, only data from queens and workers were used. Males often 233	  
rest upon flowers when not foraging or searching for queens (Alford 1975), so they were not included 234	  
in the analysis of forage use. Diet breadth was calculated and compared between bumblebee species 235	  
using rarefaction: 100 samples were randomly drawn from those recorded for each species, without 236	  
replacement, and the number of forage plants represented in this subsample recorded; 100 replicates 237	  
were performed per species to estimate the mean number of plant species each bee species would be 238	  
expected to visit in the specified number of flower visits.  239	  
 Other analyses were carried out using R version 3.0.2 (R Core Team 2013). Generalised 240	  
linear models with a binary error distribution were used to investigate the biogeographical and 241	  
climatic correlates (UK Meteorological Office 2014) of lucorum complex species presence at sites. 242	  
The response variable was the presence or absence of a species at a site. Explanatory variables tested 243	  
were habitat type (heathland or non-heathland), mean maximum daily temperature from March to 244	  
August (the approximate flight period of these species), elevation (m) and all two-way interactions. 245	  
Associations with average rainfall and the number of days of ground frost from March to August were 246	  
also investigated; however, they were negatively correlated with mean maximum temperature (r = -247	  
0.55 and -0.57 respectively). These correlations meant we could not adequately distinguish their 248	  
effects, hence rainfall and frost were dropped from analyses because mean temperature has greater 249	  
explanatory power (at least 2 AIC points). These variables were chosen because previous studies have 250	  
shown them to influence bumblebee species distributions (Goulson 2010; Lye et al. 2010; Williams et 251	  
al. 2007). The preference of each species for the ericaceous plants Calluna vulgaris or Erica spp. was 252	  
examined using linear mixed effects models with individual bee as the unit of replication, and whether 253	  
the bee was recorded on a Calluna vulgaris or Erica spp. flower or not as the binary response. Linear 254	  
mixed-effect models were fit with lmer in the lme4 package (ver. 1.0-5; Bates et al. 2013) in R. The 255	  
fixed effects investigated the influence of the species that an individual bee belonged to and the 256	  
habitat type in which it was found, with location as a random effect. The most parsimonious 257	  
combination of fixed effects was determined using maximum likelihood (ML) rather than restricted 258	  
maximum likelihood (REML). Optimal models were selected to minimise AICc after using the 259	  
function dredge in the MuMIn package (ver. 1.9.5; Burnham & Anderson 2002) to run a complete set 260	  
of models with all combinations of fixed effects and their two-way interactions. Pairwise differences 261	  
between factor means were investigated using Tukey’s post hoc tests. 262	  
 263	  
 264	  
 265	  
Results 266	  
Species identification  267	  
Of the 2 415 bees sampled, 20.3% of the samples collected were identified as B. terrestris. These 268	  
were inadvertently collected during sampling as B. terrestris workers can be confused with B. 269	  
lucorum workers (Wolf et al. 2009) and represented an average of 19.9 ± 3.7% SE  (max. 72.5% and 270	  
min. 0%) of samples taken from each location. All B. terrestris samples were excluded from further 271	  
analyses. We did not include B. terrestris in this study because many B. terrestris individuals are 272	  
easily distinguished using morphological traits, so only a proportion of all B. terrestris individuals 273	  
(those that strongly resemble the lucorum complex species) were collected in our sampling. Of the 274	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remaining 1 924 bees that belonged to the lucorum complex, 65.5% were identified as B. lucorum, 275	  
23.7% were B. cryptarum, and 10.8% were B. magnus (Table S 3). 276	  
 277	  
Geographic distributions and habitat use 278	  
The three species exhibit marked differences in their distributions across the UK. Bombus lucorum 279	  
was found at every location sampled, from the Orkney Islands in the north, to Dartmoor in the south 280	  
west and East Sussex in the south east (Figure 1).  Bombus cryptarum was found in almost all 281	  
locations sampled to the north of ~53oN, hence including North Wales, northern England and 282	  
Scotland; it was the most abundant species present in Orkney and on the east coast of Aberdeenshire. 283	  
Bombus cryptarum was also found in small numbers in East Anglia, and was abundant on Dartmoor 284	  
in the southwest. Bombus magnus was the most restricted of the three species, found at 11 of 27 285	  
locations. Its distribution is similar to that of B. cryptarum, being largely found north of ~53oN. It was 286	  
the most abundant species at four locations, three in the highlands and west of Scotland, and also on 287	  
Dartmoor in the southwest.   288	  
 There was a marked difference in the strength of association of the three species with 289	  
heathland habitats (Fig. 2, χ22 = 435.94, P < 0.001). Bombus magnus exhibited striking habitat 290	  
specialisation, occurring almost exclusively on heathland (Fig. 2). When samples were collected from 291	  
paired heathland and non-heathland habitats, B. magnus was almost always found in only the 292	  
heathland habitat: only at two of 11 locations was B. magnus detected in the non-heathland habitat 293	  
and then either only one or two individuals were found. Both B. lucorum and B. cryptarum were 294	  
found more commonly in non-heathland than heathland habitats, but a greater proportion of B. 295	  
cryptarum (46.4 %) than B. lucorum (20.1%) were detected on heathland (Fig. 2).  296	  
  For B. magnus and B. cryptarum, we tested the biological and climatic correlates of species 297	  
presence or absence at each site (B. lucorum was present at all sites, so was excluded from this 298	  
analysis).  For B. cryptarum, increasing average maximum daily temperatures significantly decreased 299	  
the likelihood of presence at a site; the negative effect of elevation was not quite significant (see Table 300	  
1 & Fig. 3a). For B. magnus, the likelihood of occurrence similarly declined significantly with 301	  
increasing average maximum daily temperature, (see Table 1 & Fig. 3). The likelihood of occurrence 302	  
for B. magnus was also significantly lower on non-heathland habitat: for a standardised summer 303	  
maximum temperature of 15°C the probability of B. magnus occurring at a non-heathland site is 304	  
approximately 0.1, whereas at a heathland site, it is approximately 0.8 (see Table 1 & Fig. 3b). Other 305	  
fixed effects (Table 1) and all two way interactions were not significant. The significant effect of 306	  
average maximum temperature remained when this analysis was performed on heathland (parameter 307	  
estimate = -1.24 ± 0.63, χ21 = 6.48, P = 0.011) and non-heathland sites separately (parameter estimate 308	  
= -2.68 ± 0.63, χ21 = 11.02, P < 0.001).  309	  
 310	  
Forage use 311	  
Bombus lucorum queens and workers had the largest diet breadth (Table 2 & S 4), visiting a wide 312	  
range of species from 20 different plant families. Bombus cryptarum workers and queens were found 313	  
on a more restricted variety of species than B. lucorum workers. The majority (90.5%) of B. magnus 314	  
workers and queens were found foraging on Calluna vulgaris or Erica cinerea and Erica tetralix 315	  
(Table 2 & S 4) and consequently had the lowest diet breadth of the three species. The number of bees 316	  
feeding on Erica spp. and Calluna vulgaris (heather) compared to all other plant species differed 317	  
significantly across the 3 bumblebee species ( χ22= 253, P < 0.001). Bombus magnus individuals 318	  
foraged most often on heather (90.5%), followed by B. cryptarum (43.9%); B. lucorum individuals 319	  
foraged on these flowers least often (27.3%).  320	  
We tested whether this apparent preference was simply a consequence of B. magnus 321	  
occurring predominantly in heathland habitats where heather plants are most common, by assessing 322	  
how the probability of foraging on Erica spp. or Calluna vulgaris varied between bee species across 323	  
both habitat types. The likelihood of bees foraging on these flowers was significantly influenced by 324	  
which bumblebee species they belonged to (χ22 = 42.1, P < 0.001) and habitat type (χ21 = 210, P < 325	  
0.001). Furthermore, a significant interaction between species and habitat (χ22 = 10.6, P < 0.01) 326	  
demonstrated that the differences between species in the extent of their preference for heather varied 327	  
between the habitats. Whilst B. magnus individuals were significantly more likely to forage on 328	  
heather when on heathland than either B. cryptarum (parameter estimate = -4.5 ± 1.18, P <  0.001) or 329
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B. lucorum (parameter estimate = -4.36 ± 1.18, P <  0.001, Fig. 5), on non-heathland habitats, all three 330	  
were equally likely to be found foraging on Erica spp. or Calluna vulgaris (Fig. 4).There was no 331	  
significant difference in the likelihood of B. cryptarum and B. lucorum foraging on these heather 332	  
flowers when on heathland (parameter estimate = -0.17 ± 0.3, P > 0.1, Fig. 4).  333	  
 334	  
 335	  
 336	  
Discussion 337	  
This study has substantially enhanced our understanding of the distribution of the three 338	  
cryptic members of the lucorum species complex in Britain. Previous authors studying more restricted 339	  
geographic areas in Ireland (Murray et al. 2008) and Western Scotland (Waters et al. 2010) concluded 340	  
that B. lucorum, B. cryptarum and B. magnus are common, widely distributed and sympatric. By 341	  
undertaking a more wide-ranging study, we demonstrate that across the UK B. magnus and B. 342	  
cryptarum are associated with cooler climates than B. lucorum, being found most commonly in 343	  
northern and western Britain and that they are absent from a large portion of the south and east. Our 344	  
data also demonstrate that B. magnus exhibits a tight association with heathland habitats. 345	  
The absence of morphological diagnostic characters leads to a lack of even basic knowledge 346	  
about the ecology and distribution of cryptic species. Without ecological knowledge of cryptic 347	  
species, we have no way of discerning whether populations are stable or establishing effective 348	  
conservation management strategies when necessary.  This is particularly true for pollinator groups 349	  
such as bumblebees, which are important both ecologically and economically, and comprise species 350	  
that are suffering dramatic declines resulting from habitat loss and fragmentation (Goulson 2010) and 351	  
agricultural intensification (Goulson et al. 2006, Williams 1986). This study therefore contributes 352	  
vital information for this purpose. 353	  
In the Western Isles of Scotland, B. lucorum was the least common of the lucorum complex 354	  
species (Waters et al. 2010). In contrast, in this study of mainland Great Britain, and also in Ireland 355	  
(Murray et al. 2008, Stanley et al. 2013), B. lucorum was the most common species (double the 356	  
proportion found in Waters et al. 2010). In the current study, B. lucorum was found at all sampled 357	  
sites, making it the most widespread of the species, although a greater proportion of individuals were 358	  
found in non-heathland than heathland habitat. Unlike in the Western Isles, where B. cryptarum 359	  
workers were shown to have the broadest diet (Waters et al. 2010), in our study B. lucorum workers 360	  
(and queens) exhibited the largest diet breadth, exploiting a greater number of plant species than 361	  
either B. cryptarum or B. magnus. Such a large diet breadth may be a reflection of the broad range of 362	  
habitats and locations that this species inhabits. Overall, B. lucorum appears to be the most 363	  
generalised of the three species, occupying the broadest climatic range, feeding on a wide range of 364	  
flowers, and is the only species of the three to be found in the intensively farmed and urbanized south 365	  
east of England.  366	  
Bombus cryptarum was the second most common species in this current study. However, 367	  
previous studies show that in Ireland it was the least common of the three (Murray et al. 2008), 368	  
whereas in the Western Isles, it was the most common (almost half of the individuals, Waters et al. 369	  
2010). It was also found to be the most polylectic in the Western Isles, visiting a wide range of food 370	  
plants belonging to many families, including non-native garden plants (Waters et al. 2010). In the rest 371	  
of Scotland, England and Wales, it also appears to be highly polylectic, but less so than B. lucorum, 372	  
possibly because its narrower geographic distribution inevitably means it encounters fewer plant 373	  
species.  374	  
In the Western Isles of Scotland (Waters et al. 2010) and Ireland (Murray et al. 2008), B. 375	  
magnus was the second most common of the three species, whereas in this study of mainland Great 376	  
Britain, B. magnus was the least abundant of the three species (approximately three times lower than 377	  
in the other two studies). It has previously been described as associated with upland, northerly, and 378	  
westerly areas, and thus the generally cooler, wetter regions in the UK (Benton 2006, Alford 1975). 379	  
Waters et al. (2010) and Murray et al. (2008) found that their data for B. magnus in Ireland and the 380	  
Western Isles of Scotland did not support this. Instead, Murray et al. (2008) found that this species 381	  
was present in both upland and lowland sites but was absent from urban areas and Stanley et al. 382	  
(2013) found that it was absent from mass flowering crops in Ireland. Our results for Great Britain 383	  
correspond to the findings of Waters et al. (2010) that B. magnus is strongly associated with 384	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heathland, but is not restricted to upland areas. Waters et al. (2010) also found that B. magnus was 385	  
particularly associated with the forage plant Calluna vulgaris; our results indicate an association with 386	  
the three Ericaceae, Calluna vulgaris, Erica cinerea and Erica tetralix. This apparent preference for 387	  
these Ericaceous flowers leads to B. magnus exhibiting the lowest diet breadth.  388	  
 Tight dietary specializations or biotope associations are unusual in European bumblebees. 389	  
In a study on the biotope associations of UK bumblebee species, Goulson et al. (2006) found that they 390	  
were all recorded in more than one, most being found in a broad range of different biotopes. Even 391	  
very rare species such as B. sylvarum, which is the second rarest extant species in the UK, do not 392	  
seem to have tight biotope associations. B. jonellus, B. muscorum and B. soroeensis are also 393	  
associated with heathland to varying extents, especially in the north of the UK, but all three also have 394	  
significant populations in non-heathland habitats (Darvill 2006; Darvill et al. 2010; Goulson et al. 395	  
2006) and specialisation in habitat and food associations may often be related to the position of a site 396	  
within a species’ global range (Williams et al., 2007). In this study, only 9.5% of B. magnus 397	  
individuals were found in habitat other than heathland, or on flowers other than Erica spp. or Calluna 398	  
vulgaris; all of these individuals were found very near to large areas of heathland, suggesting that they 399	  
were probably individuals spilling out from heathland habitat. This apparent tight association 400	  
exhibited by B. magnus could impose a serious disadvantage for a social organism that needs to 401	  
maintain colonies with high energy demands beyond the flowering season of any one (or two) plant 402	  
species (Williams 2005) and seems to be quite unusual amongst bumblebees.  403	  
 In Great Britain there are two types of heathland habitat, lowland and upland heath. The 404	  
lowland heaths of southern England make up 14% of this habitat type in Europe (Groves et al. 2012), 405	  
yet around 80% has been lost since 1800 due to agriculture, urbanisation and changes in land 406	  
management (Price 2003). Upland heath is a sub-montane habitat characterised by common or ling 407	  
heather Calluna vulgaris, found mostly in the British Isles, and along parts of the western seaboard of 408	  
the northwest European mainland. Calluna vulgaris occurs much more widely than this but the 409	  
massive extent of rotationally burned heather is unique to the UK and Ireland (Thompson et al. 1995). 410	  
In the UK, large proportions of upland heath have also been lost to afforestation and over-grazing by 411	  
sheep (Thompson et al. 1995). Consequently, both lowland and upland heathland are listed as UK 412	  
post-2010 Biodiversity Framework priority habitats, meaning that they have been identified as being 413	  
the most threatened and requiring conservation action. Habitat degradation can have considerable 414	  
implications for the species that are associated with it. In fact habitat loss is widely agreed to be the 415	  
most important factor driving bee declines (Brown & Paxton 2009). A direct result of habitat loss is 416	  
habitat fragmentation, which impacts surviving populations through genetic isolation and subsequent 417	  
inbreeding (Whitehorn et al. 2011; Zayed 2009) or simply the inability of small remaining habitat 418	  
fragments to support viable bee populations (e.g., Ellis et al. 2006b). In this case, B. magnus may 419	  
already have suffered from past losses of heathland and further loss of this habitat is likely to lead to 420	  
population declines. The apparent dietary specialisation of B. magnus could make this especially 421	  
problematic. Only a small number of bumblebee species (six in the UK) appear to have been largely 422	  
unaffected by changes to the environment in the last 60 years. These species seem to have more 423	  
generalised foraging preferences than some of the rare species, which may mean they have a greater 424	  
ability to adapt to changing forage resources (Goulson et al. 2005). In addition, species with narrow 425	  
diet breadth have access to fewer resources, so, as biotopes become degraded and floral resources 426	  
decline, these specialists are likely to be the first to disappear (Goulson et al. 2006). Presently, we 427	  
have no way of knowing whether the populations of the species within the lucorum complex are 428	  
currently stable or if they have experienced population changes in the past.  429	  
We acknowledge that our diet breadth estimates are likely to be conservative, since fieldwork 430	  
targeted flower patches and times of day where bees were abundant enough to collect an adequate 431	  
sample size to accurately characterise feeding behaviour. This may have led us to miss a small 432	  
number of bees foraging on some rare flower species. However, it is unlikely to have strongly 433	  
affected the results; our estimates will be representative of foraging behaviour in the substantial 434	  
majority of individuals. There was no possibility that this introduced bias into our diet breadth 435	  
comparisons between the different lucorum complex species, as species identity was only determined 436	  
post-hoc by molecular methods. It should be noted that our analysis techniques cannot entirely 437	  
disentangle effects of habitat preference on observed diet breadth; localized species, or species with 438	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specialized habitat preferences, will encounter fewer flower species and thus inevitably tend to have a 439	  
more restricted diet (see Williams 2005). 440	  
Bombus cryptarum and B. magnus occurred more commonly where temperatures were lower 441	  
and were found to be generally more common at northerly latitudes, a preference that was not 442	  
detected for B. lucorum. They were consequently absent from much of the south and east of England. 443	  
Heathland habitats were sampled in this area but B. magnus was not found to be present (though 444	  
Williams et al. 2012 report a specimen from the heathland of Dungeness in the South East of 445	  
England). It may be that these sites are too warm, or that B. magnus used to occur there in the past 446	  
when the heathland area was larger and less fragmented. The south-east of England is also highly 447	  
urbanized. Urban areas can support diverse pollinator assemblages but they can also have negative 448	  
impacts on pollinator species (Bates et al. 2011). One obvious outlier in the distributions of both B. 449	  
cryptarum and B. magnus is the Birch Tor site on Dartmoor in the south-west of England (Fig. 1), 450	  
where B. magnus and B. cryptarum were more abundant than B. lucorum. This appears incongruous 451	  
(Fig. 1) but due to the high altitude the temperature at this site is actually much lower than at other 452	  
sites with similar latitude, meaning the presence of B. magnus and B. cryptarum at Birch Tor is 453	  
consistent with their preferences. Further sampling in the southwest of England and in Wales would 454	  
help reveal whether these are isolated populations of B. magnus and B. cryptarum, or whether they are 455	  
actually present in suitable areas throughout the western side of Great Britain.  456	  
The lack of diagnostic characteristic traits for these species in Scotland and Ireland (Carolan 457	  
et al. 2012), as well as geographical variation in colour pattern across taxa, means that the potential 458	  
for misidentification of these species is very high. As a consequence, descriptions of the ecology and 459	  
distribution of these three species, obtained prior to the utilisation of molecular methods for species 460	  
identification, are likely to be problematic (see Rasmont 1984, Rasmont et al. 1986 and Pamilo et al. 461	  
1997 for European distributions).  Therefore, the only reliable information available about the 462	  
worldwide distributions of these species comes from a study by Williams et al. (2012) of the subgenus 463	  
Bombus s. str. They find B. lucorum to be present from Iceland in the west, across Europe to the 464	  
mountains of Central Asia and in Mongolia. Bombus cryptarum appears to have the broadest 465	  
distribution of all Bombus s. str. species. It was found from Great Britain, across Europe and central 466	  
Asia to western North America. Bombus magnus is present in Great Britain, Spain, Denmark, Sweden 467	  
and near Moscow, Russia. Further work would evidently be beneficial. 468	  
This study has revealed that while these species have a sympatric distribution across much of 469	  
northern England, Northern Wales and Scotland, they exhibit clearly discernible differences in their 470	  
ecological characteristics. This demonstrates the importance of correctly identifying cryptic species, 471	  
not just amongst important pollinators such as bumblebees (e.g. Ellis et al. 2006a; Williams 2007) but 472	  
in insects in general, where they are also common (e.g. Hebert et al. 2004b; Smith et al. 2007). 473	  
Failure to account for cryptic diversity could result in missing the causal link between changes in 474	  
species distribution and environmental variation, incorrect delineation of units for conservation and 475	  
consequently, serious repercussions for their management. 476	  
Further studies of these three species would be required to determine whether the observed 477	  
differences are the result of preference or the outcome of inter-specific competition. In addition, it 478	  
would be interesting to determine what B. magnus feeds on during the periods when Erica spp. and 479	  
Calluna vulgaris are not in flower on heathland habitats. A long term study would be able to establish 480	  
whether the populations of these three species are stable or declining, particularly focussing on the 481	  
response of B. magnus populations to past and present heathland loss/ degradation. Our ongoing 482	  
research is investigating the population genetics of this species complex to provide insight into 483	  
differences in genetic diversity, and reveal whether the highly specialised B. magnus is suffering from 484	  
population fragmentation as a result of its tight association with a declining and fragmented habitat 485	  
type. 486	  
 487	  
 488	  
Acknowledgements 489	  
We thank Andreia Penado, James Morrison & Carolyn Goldie for help collecting samples, as well as 490	  
Steph O’Connor and Penelope Whitehorn for advice on fieldwork and analysis. The project was partly 491	  
supported by the UK Research Councils’ SynTax programme and the University of Stirling.  492	  
 493	  
10	  
	  
References 494	  
Alford, D. V. (1975) Bumblebees. Davis-Poynter, London 495	  
Bates, D., Maechler, M., Bolker, B. & Walker, S (2013). lme4: Linear mixed-effects models using 496	  
Eigen and S4 .  497	  
Bates, A. J., Sadler, J. P., Fairbrass, A. J., Falk, S. J., Hale, J. D., & Mathews, T.J. (2011) Changing 498	  
Bee and Hoverfly Pollinator Assemblages along an Urban-Rural Gradient. PLoS ONE, 6, e23459 499	  
Benton, T. (2006). Bumblebees: the natural history & identification of the species found in Britain. 500	  
Collins London.  501	  
Bertsch, A., Schweer, H., Titze, A. & Tanaka, H. (2005). Male labial gland secretions and 502	  
mitochondrial DNA markers support, species status of Bombus cryptarum and B. magnus 503	  
(Hymenoptera, Apidae). Insectes Sociaux, 52, 45-54.  504	  
Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K.L., Meier, R., Winker, K. et al. (2007). Cryptic 505	  
species as a window on diversity and conservation. Trends in Ecology & Evolution, 22, 148-155.  506	  
Brown, M.J.F & Paxton R.J. (2009) The conservation of bees : a global perspective. Apidologie, 40, 507	  
410-416. 508	  
Burnham, K.P. & Anderson, D.R. (2002). Model selection and multi-model inference: a practical 509	  
information-theoretic approach. Springer.  510	  
Cameron, S.A., Lozier, J.D., Strange, J.P., Koch, J.B., Cordes, N., Solter, L.F. et al. (2011). Patterns 511	  
of widespread decline in North American bumble bees. Proceedings of the National Academy of 512	  
Sciences of the United States of America, 108, 662-667.  513	  
Carolan, J.C., Murray, T.E., Fitzpatrick, U., Crossley, J., Schmidt, H., Cederberg, B. et al. (2012). 514	  
Colour Patterns Do Not Diagnose Species: Quantitative Evaluation of a DNA Barcoded Cryptic 515	  
Bumblebee Complex. Plos One, 7, e29251. Darvill, B. (2006). Population structure and inbreeding in 516	  
a rare and declining bumblebee, Bombus muscorum (Hymenoptera : Apidae). Molecular Ecology, 15, 517	  
601-611.  518	  
Darvill, B., O'Connor, S., Lye, G.C., Waters, J., Lepais, O. & Goulson, D. (2010). Cryptic differences 519	  
in dispersal lead to differential sensitivity to habitat fragmentation in two bumblebee species. 520	  
Molecular Ecology, 19, 53-63.  521	  
DeSalle, R., Egan, M.G. & Siddall, M. (2005). The unholy trinity: taxonomy, species delimitation and 522	  
DNA barcoding. Philosophical Transactions of the Royal Society B: Biological Sciences, 360, 1905-523	  
1916.  524	  
Edwards, M. & Jenner, M. (2005). Field guide to the bumblebees of Great Britain & Ireland. Ocelli 525	  
Ltd.  526	  
Ellis, J. S., Knight, M. E., Carvell, C. & Goulson, D. (2006a) Cryptic species identification: a simple 527	  
diagnostic tool for discriminating between two problematic bumblebee species. Molecular Ecology 528	  
Notes, 6, 540-542.	  529	  
	  530	  
Ellis, J.S., Knight, M.E., Darvill, B. & Goulson, D. (2006b) Extremely low effective population sizes, 531	  
genetic structuring and reduced genetic diversity in a threatened bumblebee species, Bombus 532	  
sylvarum (Hymenoptera: Apidae). Molecular Ecology, 15, 4375-86.	  533	  
11	  
	  
Estoup, A., Scholl, A., Pouvreau, A. & Solignac, M. (1995). Monoandry and Polyandry in Bumble 534	  
Bees (Hymenoptera - Bombinae) as Evidenced by Highly Variable Microsatellites. Molecular 535	  
Ecology, 4, 89-93.  536	  
Estoup, A., Solignac, M., Cornuet, J.M., Goudet, J. & Scholl, A. (1996). Genetic differentiation of 537	  
continental and island populations of Bombus terrestris (Hymenoptera: Apidae) in Europe. Molecular 538	  
Ecology, 5, 19-31.  539	  
Feulner, P.G.D., Kirschbaum, F., Schugardt, C., Ketmaier, V. & Tiedemann, R. (2006). 540	  
Electrophysiological and molecular genetic evidence for sympatrically occuring cryptic species in 541	  
African weakly electric fishes (Teleostei: Mormyridae: Campylomormyrus). Molecular Phylogenetics 542	  
and Evolution, 39, 198-208.  543	  
Fitzpatrick, U., Murray, T., Byrne, A., Paxton, R. & Brown, M. (2006). Regional red list of Irish bees. 544	  
Publ.Rep.to National Parks and Wildlife Service (Ireland) and Environment and Heritage Service 545	  
(N.Ireland) .  546	  
Fitzpatrick, Ú., Murray, T.E., Paxton, R.J., Breen, J., Cotton, D., Santorum, V. et al. (2007a). Rarity 547	  
and decline in bumblebees–a test of causes and correlates in the Irish fauna. Biological Conservation, 548	  
136, 185-194.  549	  
Fitzpatrick, U., Murray, T.E., Paxton, R.J. & Brown, M.J. (2007b). Building on IUCN regional red 550	  
lists to produce lists of species of conservation priority: a model with Irish bees. Conservation 551	  
Biology, 21, 1324-1332.  552	  
Funk, C., Schmid-Hempel, R. & Schmid-Hempel, P. (2006). Microsatellite loci for Bombus spp. 553	  
Molecular Ecology Notes, 6, 83-86.  554	  
Goulson, D. (2010). Bumblebees: behaviour, ecology, and conservation. Oxford Univ Pr.  555	  
Goulson, D., Hanley, M.E., Darvill, B. & Ellis, J.S. (2006). Biotope associations and the decline of 556	  
bumblebees (Bombus spp.). Journal of Insect Conservation, 10, 95-103.  557	  
Goulson, D., Lye, G.C. & Darvill, B. (2008a). Decline and conservation of bumble bees. Annual 558	  
Review of Entomology, 53, 191-208.  559	  
Goulson, D., Lye, G.C. & Darvill, B. (2008b). Diet breadth, coexistence and rarity in bumblebees. 560	  
Biodiversity and Conservation, 17, 3269-3288.  561	  
Groves, J.A., Waller, M.P., Grant, M.J. & Schofield, J.E. (2012). Long-term development of a cultural 562	  
landscape: the origins and dynamics of lowland heathland in southern England. Vegetation History 563	  
and Archaeobotany, 21, 453-470.  564	  
Grundt, H. (2006). High biological species diversity in the arctic flora. Proceedings of the National 565	  
Academy of Sciences of the United States of America, 103, 972-975.  566	  
Hebert, P.D., Penton, E.H., Burns, J.M., Janzen, D.H. & Hallwachs, W. (2004). Ten species in one: 567	  
DNA barcoding reveals cryptic species in the neotropical skipper butterfly Astraptes fulgerator. 568	  
Proceedings of the National Academy of Sciences of the United States of America, 101, 14812-14817.  569	  
Krishnamurthy, P.K. & Francis, R.A. (2012). A critical review on the utility of DNA barcoding in 570	  
biodiversity conservation. Biodiversity and Conservation, 21, 1901-1919.  571	  
	  572	  
12	  
	  
Lye, G. C., Kaden, J. C. , Park, K. J. & Goulson, D. (2010) Forage use and niche partitioning 573	  
by non-native bumblebees in New Zealand: Implications for the conservation of their 574	  
populations of origin. Journal of Insect Conservation, 14, 607-615 575	  
Murray, T.E., Fitzpatrick, U., Brown, M.J.F. & Paxton, R.J. (2008). Cryptic species diversity in a 576	  
widespread bumble bee complex revealed using mitochondrial DNA RFLPs. Conservation Genetics, 577	  
9, 653-666.  578	  
Pamilo, P., Tengo, J., Rasmont, P., Pirhonen, K., Pekkarinen, A. & Kaarnama, E. (1997). Pheromonal 579	  
and enzyme genetic characteristics of the Bombus lucorum species complex in northern Europe. 580	  
Entomologica Fennica, 7, 187-194.  581	  
 582	  
Peat, J., Darvill, B., Ellis, J., & Goulson, D. (2005) Effects of climate on intra-­‐and interspecific size 583	  
variation in bumble-­‐bees. Functional Ecology, 19, 145-151 584	  
 585	  
Price, E. (2003) Lowland grassland and heathland habitats. Routledge 
586	  
Pritchard, J.K., Stephens, M. & Donnelly, P. (2000). Inference of population structure using 587	  
multilocus genotype data. Genetics, 155, 945-959.  588	  
Puckridge, M. (2013). Cryptic diversity in flathead fishes (Scorpaeniformes: Platycephalidae) across 589	  
the Indo-West Pacific uncovered by DNA barcoding. Molecular Ecology Resources, 13, 32-42.  590	  
Rasmont, P. (1984). Les bourdons du genre Bombus Latreille sensu stricto en Europe occidentale et 591	  
centrale. Spixiana, 7, 135-160.  592	  
Rasmont, P., Scholl, A., Dejonghe, R., Obrecht, E. & Adamski, A. (1986). Identification and 593	  
variability of males of the genus Bombus latreille sensu-stricto in Western and Central-Europe 594	  
(Hymenoptera, Apidae, Bombinae). Revue Suisse De Zoologie, 93, 661-682.  595	  
Ravaoarimanana, I.B., Tiedemann, R., Montagnon, D. & Rumpler, Y. (2004). Molecular and 596	  
cytogenetic evidence for cryptic speciation within a rare endemic Malagasy lemur, the Northern 597	  
Sportive Lemur (Lepilemur septentrionalis). Molecular Phylogenetics and Evolution, 31, 440-448.  598	  
Rubinoff, D. & Sperling, F.A. (2004). Mitochondrial DNA sequence, morphology and ecology yield 599	  
contrasting conservation implications for two threatened buckmoths (Hemileuca: Saturniidae). 600	  
Biological Conservation, 118, 341-351.  601	  
 602	  
Smith, M. A., Wood, D. M., Janzen, D. H., Hallwachs, W. & Hebert, P. D. N. (2007) DNA barcodes 603	  
affirm that 16 species of apparently generalist tropical parasitoid flies (Diptera, Tachinidae) are not all 604	  
generalists. Proceedings of the National Academy of Sciences of the United States of America, 104, 605	  
4967-4972.	  606	  
Stanley, D.A., Knight, M.E. & Stout J.C. (2013). Ecological variation in response to mass-flowering 607	  
oilseed rape and surrounding landscape composition by members of a cryptic bumblebee complex. 608	  
Plos One, 8, e65516 609	  
Stuart, B.L., Inger, R.F. & Voris, H.K. (2006). High level of cryptic species diversity revealed by 610	  
sympatric lineages of Southeast Asian forest frogs. Biology letters, 2, 470-474.  611	  
13	  
	  
Thompson, D., MacDonald, A., Marsden, J. & Galbraith, C. (1995). Upland heather moorland in 612	  
Great Britain: a review of international importance, vegetation change and some objectives for nature 613	  
conservation. Biological Conservation, 71, 163-178.  614	  
Truett, G., Heeger, P., Mynatt, R., Truett, A., Walker, J. & Warman, M. (2000). Preparation of PCR-615	  
quality mouse genomic DNA with hot sodium hydroxide and tris (HotSHOT). BioTechniques, 29, 52-616	  
+.  617	  
UK Meteorological Office. (2014) Met Office Integrated Data Archive System (MIDAS) Land and 618	  
Marine Surface Stations Data (1853-current), [Internet]. NCAS British Atmospheric Data Centre, 619	  
Available from http://badc.nerc.ac.uk/view/badc.nerc.ac.uk_ATOM_dataent_ukmo-midas 620	  
Velthuis, H.H.W. & van Doorn, A. (2006). A century of advances in bumblebee domestication and 621	  
the economic and environmental aspects of its commercialization for pollination. Apidologie, 37, 421-622	  
451.  623	  
Walsch, P., Metzger, D. & Higuchi, R. (1991). Chelex-100 as a medium for simple extraction of DNA 624	  
for PCR-based typing from forensic material. BioTechniques, 10, 506-513.  625	  
Waters, J., Darvill, B., Lye, G.C. & Goulson, D. (2010). Niche differentiation of a cryptic bumblebee 626	  
complex in the Western Isles of Scotland. Insect Conservation and Diversity, 4, 46-52.  627	  
 628	  
Werle, E., Schneider, C., Renner, M., Völker, M. & Fiehn, W. (1994) Convenient single-step, one 629	  
tube purification of PCR products for direct sequencing. Nucleic Acids Research, 22, 4354-4355. 630	  
 631	  
Whitehorn, P. R., Tinsley, M. C., Brown, M. J. F., Darvill, B. & Goulson, D. (2011) Genetic diversity, 632	  
parasite prevalence and immunity in wild bumblebees. Proceedings of the Royal Society B-Biological 633	  
Sciences, 278, 1195-1202. 634	  
Will, K.W. & Rubinoff, D. (2004). Myth of the molecule: DNA barcodes for species cannot replace 635	  
morphology for identification and classification. Cladistics, 20, 47-55.  636	  
	  637	  
Williams, P. (1982) The distribution and decline of British bumble bees (Bombus latr.) Journal of 638	  
Apicultural Research, 21, 236-245. 639	  
Williams, P.H. (1986). Environmental change and the distributions of British bumble bees (Bombus 640	  
Latr.). Bee World 67, 50-61. 641	  
Williams, P.H. (2005). Does specialization explain rarity and decline among British bumblebees? A 642	  
response to Goulson et al. Biological Conservation 122, 33-43. 643	  
Williams, P. (2007). The distribution of bumblebee colour patterns worldwide: possible significance 644	  
for thermoregulation, crypsis, and warning mimicry. Biological Journal of the Linnean Society, 92, 645	  
97-118.  646	  
Williams PH, Araujo MB, & Rasmont P. (2007). Can vulnerability among British bumblebee 647	  
(Bombus) species be explained by niche position and breadth? Biological Conservation 138: 493-505.	  648	  
Williams, P.H. & Osborne, J.L. (2009). Bumblebee vulnerability and conservation world-wide. 649	  
Apidologie, 40, 367-387. 650	  
Williams, P.H., Brown, M.J.F., Carolan, J.C., An, J., Goulson, D., Aytekin, A.M., Best. L.R., 651	  
Byvaltsev. A.M., Cederberg, B., Dawson, R., Huang, J., Ito, M., Monfared, A., Raina, R.H., Schmid-652	  
Hempel, P., Sheffield, C.S., Šima, P. & Xie, Z.  (2012). Unveiling cryptic species of the bumblebee 653	  
14	  
	  
subgenus Bombus s. str. worldwide with COI barcodes (Hymenoptera: Apidae). Systematics and 654	  
Biodiversity, 10, 21-56.  655	  
  656	  
Wolf, S., Rohde, M. & Moritz, R.F.A. (2010) The reliability of morphological traits in the 657	  
differentiation of Bombus terrestris and B. lucorum (Hymentoptera:Apidae). Apidologie, 41, 45-53. 658	  
 659	  
Zayed A. (2009) Bee genetics and conservation, Apidologie, 40, 237–262. 660	  
 661	  
 662	  
 663	  
 664	  
 665	  
 666	  
 667	  
 668	  
 669	  
 670	  
 671	  
 672	  
 673	  
 674	  
